The masking of speech by amplitude-modulated and unmodulated speech-spectrum noise has been evaluated by the measurement of monaural speech recognition in such noise on young and elderly subjects with normal-hearing and elderly hearing-impaired subjects with and without a hearing aid. Sinusoidal modulation with frequencies covering the range 2-100 Hz, as well as an irregular modulation generated by the sum of four sinusoids in random phase relation, was used. Modulation degrees were 100%, + 6 dB, and q-12 dB. Root mean-square sound pressure level was equal for modulated and unmodulated maskors. For the normal-hearing subjects, essentially all types of modulated noise provided some release of speech masking as compared to unmodulated noise. Sinusoidal modulation provided more release of masking than the irregular modulation. The release of masking increased with modulation depth. It is proposed that the number and duration of low-level intervals are essential factors for the degree of masking. The release of masking was found to reach a maximum at a modulation frequency between 10 and 20 Hz for sinusoidal modulation. For elderly hearing-impaired subjects, the release of masking obtained from amplitude modulation was consistently smaller than in the normal-hearing groups, presumably related to changes in auditory temporal resolution caused by the hearing loss. The average speech-to-noise ratio required for 30% correct speech recognition varied greatly between the groups: For young normal-hearing subjects it was --15 dB, for elderly normal-hearing it was -9 dB, for elderly hearing-impaired subjects in the unaided listening condition it was +2 dB and in the aided condition it was +3 dB. The results support the conclusion that within the methodological context of the study, age as well as sensorineural hearing loss, as such, influence speech recognition in noise more than what can be explained by the loss of audibility, according to the audiogram and the masking noise spectrum.
INTRODUCTION
One serious effect of noise is its negative impact on speech communication. The speech masking ability of a noise depends primarily on the relation between speech and noise intensities, i.e., on the speech-to-noise ratio (S/ N). Usually, the noise intensity is expressed as a timeaverage level, e.g., the rms level measured with a time constant of 125 ms (i.e., the "fast" response of the sound level meter). However, the presence of amplitude modulation (AM) in the noise may also influence its speech interfering effect. Two noises of equal mean intensity, one containing AM and the other not, may well differ in speech masking. One might speculate that the presence of AM might increase the speech masking effect due to activation of neurons that are sensitive specifically to AM (M•ller, 1971 ) and thus make them less capable of reacting to amplitude modulations in the speech signal. On the other hand, the intensity fluctuations might provide opportunities for the listener to pick up important fragments of the speech signal during the less loud intervals of the modulation cycle and thus provide a release of speech masking as compared to unmodulated noise.
A number of studies on speech recognition in AM noise have been published. The maskers used have generally been one or more of the following: Multitalker babble, speech-modulated white or speech-spectrum noise, single talker competition, or periodically modulated white or speech-spectrum noise, single talker competition, or periodically modulated white or speech-spectrum noise. Most often however, constant level (unmodulated) white or speech-spectrum noise has been used as a reference masker.
The results from such studies can be summarized as follows.
When the masker is the speech from a single talker or noise modulated either periodically or by the speech of a single talker, speech intelligibility improves compared to when unmodulated noise is used (Carhart etal., 1966 (Carhart etal., , 1967 (Carhart etal., , 1969 Dirks et al., 1969; Festen and Plomp, 1990; Miller and Licklider, 1950; Wilson and Carhart, 1969) , even if the modulated and unmodulated noises have equal average powers. In such cases, the instantaneous level of such maskers is either higher or lower than the average (rms) level during a relatively large portion of time. Presumably these results are explained by more speech information being detected during noise intervals of lower level than what is lost during noise intervals of higher level.
Multitalker noise or noise modulated by multiple talkers has been found to generally reduce speech intelligibility as compared to unmodulated noise  Danbauer and Leppler, 1979) . Multitalker noise was more effective as a masker than random noise modulated by multiple talkers, and the effect was attributed to the perceptual similarity between this masker and the target signal (Car- Results contradicting those mentioned have also been reported. For example, Berry and Nerbonne (1972) and Horii et el. (1970) found that speech modulated by a single talker masks speech more than unmodulated noise does. Danhauer etal. (1985) found multitalker noise to mask speech less effectively than unmodulated noise. These discrepancies may be due to different ways of measuring masker power or failure to compensate for differences in average masker power.
Younger, normal-hearing subjects were used in all of the above studies. There have also been investigations concerning elderly and hearing-impaired subjects, which clearly show different results for these groups as compared to normal-hearing subjects. The advant•,ge of a periodically modulated masker appears to be much less for hearingimpaired subjects (Wilson and Carhart, 1969) . Also, for hearing-impaired subjects, a forward or backward speech masker results in equal or more masking than unmodulated noise does; contrary to the relation for normalhearing (Festen and Plomp, 1990; Plomp, 1986 
Elderly, hearing-impaired subjects
Twenty subjects, nine men and eleven women, aged 55-70 years, participated. All subjects used hearing aids for at least one year ( 12 postauricular; 8 in-the-ear). Nine left ears and 11 right ears were tested. The mean HTLs and standard deviations are shown in Fig. 2. Figure 3 shows the average insertion gain for the aids when worn in the tested ears.
B. Noise
The masker was a speech-shaped random noise obtained by low-pass filtering a white noise with a slope of -6 dB/oct above 1000 Hz. This noise was presented either unmodulated or modulated in one of two ways: Sinusoidally by a single sinusoid or irregularly. For the latter, the 
where N= 1 for sinusoidal modulation and N ----4 for irregular modulation. For unmodulated noise, u(t)= 1.
In order to obtain the same rms sound pressure level (i.e., the same average power) for the modulated and unmodulated noises, the modulated noise had to be attenuated between 0.5 and 6 dB relative to the rms level of unmodulated noise, depending on modulation degree and whether sinusoidal or irregular modulation was used. The The frequencies of the modulating sinusoids were 2.1, 4.9, 10.2, and 19.9 Hz, covering the range of significant modulation frequencies in human speech (Fastl, 1987) . They were chosen not to be even multiples of each other in order to assure maximum irregularity when added together to produce the irregular modulation condition. Five of the subjects in the experiment were also tested at the higher modulation frequencies of 50, 80, and 100 Hz with a modulation degree of i 12 dB. The different combinations of modulation parameters used are listed in Table II. C. Speech
The speech material (Hagerman, 1982) consists of 11 lists with ten Swedish low-redundancy five-word sentences 
D. Test procedures
The main experiment used modulation frequencies in the 2-to 20-Hz range and comprised all subjects. A sub-TABLE II. The maskers used in the main study. "Irregular" denotes the modulation where the modulating signal consists of the sum of four sinusoicls in random phase relation. AM masker Nos. 2-13 were used in the main experiment and Nos. 14-16 in thc additional experiment. group of five of the young, normal-hearing subjects participated in an additional experiment to gain information on the effect of higher modulation frequencies. Monaural speech recognition score was measured for the first 13 of the maskers listed in Table II . The S/N was individually chosen for each subject to achieve a 30% speech recognition score with the unmodulated noise masker. Pilot experiments revealed that AM offered a release of masking rather than an increase and thus the 30% criterion was adopted to obtain a test with the highest sensitivity possible. The order of masker presentation was randomly selected for each subject. The speech level was kept constant at 65 dB SPL and S/N adjustments were accomplished by varying the noise level iu 3-dB steps. Each test session lasted for about Ih.
The young and elderly, normal-hearing subjects were tested using headphones as follows: Three training lists were presented to aquaint the subject with the test situation and to reduce learning effects (Hagermar., 1982), using the unmodulated noise masker. The S/N was initially large enough for the subject to recognize all the words, but was gradually reduced until the speech recognition score was about 30%.
Two more lists (randomly selected for each subject) with the unmodulated noise masker were presented. The speech-to-noise ratios were chosen to yield speech recognition scores on both sides of 30%. The S,qq corresponding to a speech recognition score of 30% was then calculated by linear interpolation. Keeping the S/N constant at the value just described, speech recognition scores for AM maskers 2-13 (Table II) were measured using one speech list for each masker. The same lists in the same order were used for each subject whereas the order of masker presentation was randomly selected for each subject. Finally, without altering the S/N, the score for unmaodulated masking noise was determined once more using one randomly selected list for each subject. The mean of this score and the initially determined score was taken .as the speech recognition score for unmodulated noise. This procedure was applied to compensate for learning or fatigue effects that might have occurred during the course of the experiment.
In addition, five of the young normal-hearing subjects were also tested using sinusoidal modulation frequencies of 50, 80, and 100 Hz. The S/N was determined in the same way as in the main experiment.
The elderly, hearing-impaired were tested both with and without their hearing aids using loudspeaker presentation. The same procedure as just de•:ribed above was used with the following exceptions: The aided and unaided experiments were performed different tes! days. For half of the group the aided tests preceded the unaided, and for the other half the opposite order was used. The nontest ear was always plugged with an EAR foam plug. In the aided experiments, the speech level was 65 dB SPL as for the normal-hearing subjects. The subject was asked to adjust the volume control of his hearing aid to a setting that provided a comfortable loudness level of the speech signal presented from the loudspeaker. However, in the unaided experiment the speech level was individually adjusted to a TABLE IlL ANOVA table for the experiment on the young, normal-hearing subjects. The mean square for the interaction between maskers and subjects is used as the error estimate in all F ratios. SS =sum of squares, DF= degrees of freedom, MS = mean square. MOD is a collective denomination of the modulated maskers 2-13. Likewise, IRR designates maskers 2-4, S maskers 5-13, S12 maskers 6-9, and SI00 maskers 10-13. m(...) denotes the mean score across maskers within parenth•es. The comparison between modulation frequencies applies to the mean scores across 4-12 dB and 100% modulation. in the interaction between modulation degree and frequency, comparisons are not made between scores but between score differences, indicated by a D. For example, D2.1 denotes the score difference between + 12 dB and 100% modulation at 2.1 Hz. 
E. Equipment
The noise was generated by a signal processing computer based on the Texas Instruments TMS 32010 signal processor. The rms level of the AM noise was equated to that of the unmodulated noise by means of a built-in attenuator. Changes of modulation frequency and modulation degree were controlled by a personal computer. The noise signal and the speech signal from a Tandberg TCD 310 cassette recorder were routed to separate channels of a Madsen OB 822 audiometer, which was used to control the sound levels. From the audiometer, noise and speech were separately fed to a mixer, which allowed any combination of noise and speech levels to be set individually for either ear. The mixed signals were then fed to the Sennheiser HD 250 circumaural earphones. The earphone marked left was always placed over the test ear.
Since the elderly, hearing-impaired subjects were tested both with and without heating aid the speech and noise had to be presented to them by means of a loudspeaker (anechoic frequency response flat within + 3 dB in the range 90 Hz-17 kHz). The test subject was seated in a chair in a soundproof room approximately 1 m in front of and facing the loudspeaker. 
A. Effects on speech masking by modulation parameters
Differences in speech recognition score between maskers were analyzed by analysis of variance (ANOVA). A two-way repeated mesures model was used, the two factors being subject and masker with subjects treated as a random factor. To further explore differences between maskers, the sum of squares for maskers was split in orthogonal parts as detailed in Table III Table III shows that the average speech recognition score with the amplitude-modulated maskers is significantly different from speech recognition in unmodulated noise (a in Table III), and furthermore that the speech masking effect of the irregularly modulated noise is significantly different from that of the sinusoidally modulated noise (b). Modulation depth of 4-6 dB resulted in significantly less release of speech masking than 4-12 dB or 4-100% (c). However, there was no significant difference between the latter two degrees of modulation (d).
Significant differences between modulation frequencies were found. The average score with the two lower frequencies differs significantly from the average score with the two higher (e). The internal differences between the two lower and between the two higher frequencies are not significant (f,g). Further, there is a significant interaction between modulation degree and frequency for the 4-12 dB and 4-100% maskers (h). The interaction appears in such a way that 4-12-dB modulation yields speech recognition scores about 5% greater than 4-100% does, when modulation frequency is 2.1 or 19.9 Hz. When modulation frequency is 4.9 or 10.2 Hz, on the other hand, speech recognition with 4-12-dB modulation is on the average 8% less than with 100%. 2. Elderly, normal-hearing subjects Figure 7 shows the mean speech recognition scores in the various AM noise maskers for the group of elderly subjects with normal audiograms. Table V presents the results of the ANOVA. When comparing the outcome with the results from the young, normal-heariag group the situation is very much the same both qualitatively and quantitatively. The differences concern the interaction between modulation degree and modulation frequency, which was results obtained on the group of elderly normal-hearing subjects. The mean square for the interaction between maskera and subjects is used as the error estimate in all F ratios. SS=sum of squares, DF=degrees of freedom, MS=mean square. MOD is a collective denomination of the modulated maskers 2-13. Likewise, IRR designates maskers 2-4, S maskers 5-13, S12 maskers 6-9 and S 100 masketa 10-13. m (... } denotes the mean score across maskers within parenthesis. The comparison between modulation frequencies applies to the mean scores across + 12 dB and 100% modulation. In the interaction between modulation degree and frequency, comparisons are not made between scores but between score differences, indicated by a D. For example, D2.1 denotes the score difference between 4-12 dB and 100% modulation at 2.1 Hz. not statistically significant for the group of elderly listeners with normal hearing but was significant for the young subjects (Table III) .
Elderly, hearing-impaired subjects
The test results obtained without hearing aids (unaided} are shown in Fig. 8 and those obtained with hearing aids (aided} in Fig. 9 . The maximum release of speech masking found, using sinusoidal modulation of + 12 dB at 10-20-Hz modulation frequency, increased the speech recognition score from 30% to close to 55%. This is significantly less than in the normal-hearing groups where the corresponding increase was from 30% to around 80% (p <0.001, Student's t test}. As shown in Table VI, there were no significant differences between unaided and aided conditions. However, there was again significant differences between the various m_askers used. The differences generally correspond with those found in the elderly, normal-hearing group although they are much less pronounced here.
B. Speech-to-noise ratio for 30% correct speech recognition
The speech-to-noise ratio that yielded the criterion score of 30% correctly repeated words in nonmodulated noise varied considerably between the groups. The average S/N differed significantly between the three subject groups (p<0.001, Student's t test) but not between aided and unaided listening for the elderly hearing impaired subjects (Fig. 101. 
Speech recognition

A. Effects of modulation characteristics
For normal-hearing listeners, an amplitude-modulated noise masks speech no more (and usually less) than unmodulated noise of equal spectrum and rms level. Thus no evidence has been found for amplitude modulations of the masker to increase its speech-masking effect. The release of masking caused by the regular sinusoidal modulation is considerable, increasing the speech recognition scores from about 30% to about 80% with constant S/N ratio under optimal conditions. Assuming that Hagerman's (1982) psychometric function for the speech test material for normal hearing subjects is also valid for our subjects, the observed maximum release of masking corresponds to an improvement in S/N ratio of approximately 3 dB. For the irregular modulation, intended to bear a rough resemblance to the modulation spectrum of speech, the release of speech masking was relatively small. Generally, the results suggest that predictive methods for speech recognition such as the Articulation Index may overestimate the speech-masking effect of a noise containing significant amplitude modulations since those methods are based essentially on the average masker power in each frequency band without considering any modulations. Festen and Plomp (1990) used broadband noise maskers with long-term average spectrum of either the male or the female voice used for the speech signal and with the intensity controlled by the speech signal envelope. The improvement in masked speech recognition threshold they found on young normal-hearing subjects was in the range 3 to 4 dB, which is of the same order of magnitude as our results for sinusoidal AM. In an earlier study (Festen and Plomp, 1986 ), where they used sinusoidal intensity modulation (100%) of the masker, normal-hearing test subjects on average improved their speech recognition threshold in noise by 5.5 dB in S/N ratio for the optimum modulation as compared to the unmodulated noise. Considering the difference between sinusoidal intensity and amplitude modulation, these results seem to agree well with ours. Festen and Plomp (1990) suggested that comodulation masking release (CMR) might at least partly explain the release of masking found in AM masking noise. However, the results of a recent study (Grose and Hall, 1992) showed that whereas CMR may occur for speech detection, no suprathreshold effects were found (i.e., there was no influence of CMR on speech recognition scores above zcro ).
It appears that the release of masking is related to the presence of silent intervals of suffiently long duration to allow the normal-hearing listener to pick up important speech elements. This positive effect must be considerably greater than any negative effect caused by the increase in masking during the louder than average intervals of the AM noise.
The influence of modulation type
The two modulation types, irregular and sinusoidal modulation, produced very different results. This is most likely explained by the lower probability of noise intervals of sufficiently low-level and long duration to allow the listener to pick up meaningful fragments of the speech signal, the irregularity itself having no likely effect. Recall that the amplitude histograms differ between the two types of modulation, with the sinusoidal modulation showing higher relative occurrence of very low and very high amplitude than does the irregular modulation (Fig. 11 ) . In addition, each period of the sinusoidal modulation guarantees an interval of relativdy long duration with reduced noise amplitude. In contrast, when using irregular modulation the intervals with reduced amplitude noise are on average of much shorter duration. The range of variation of the instantaneous noise level was not very different between sinusoidal and irregular modulation for a given degree of modulation [ Fig. 4(c) 
The influence of modulation frequency
The effect of varying the modulation frequency is seen in Fig. 6 which applies to 4-12-dB modulation. The scores are highest at 10.2 or 19.9 Hz and somewhat lower at 2.1 and 4.9 Hz. At frequencies above 20 Hz the scores seem to drop off and asymptotically reach the same score as for unmodulated noise. This general pattern seems to agree well with the results reported by Festen and Plomp (1986) using sinusoidal intensity modulation of the masker. The trend is supported by the significant differences between the average score with 2.1 and 4.9 Hz and the average score of 10.2 and 19.9 Hz as seen in all three groups of subjects (Figs. 5, 7, and 8) .
The frequency dependence cannot be explained by the amplitude histograms, since these are mean values over a relatively long time (compared to the modulation period) and thus are equal for all sinusoidal modulations. Instead, the speech recognition score obtained with a certain AM masker modulation frequency is more likely to be related to the temporal characteristics of the masking noise, i.e., the number and duration of the low-level intervals that provide release of masking and high-level intervals that provide complete masking. At low modulation frequencies (below about 5 Hz) the high-level intervals are relatively long but sparse, which means that phoneroes and syllables or even whole words may be masked, resulting in lower speech recognition. For frequencies between 10 and 20 Hz, the low-level intervals are shorter but more frequent, which partly counterbalances the loss of information during the higher level intervals and thus speech recognition increases. At higher frequencies (above about 30 Hz), the low-level intervals are very frequent but too short to aid speech recognition, which again decreases.
An alternative or additional interpretation of the increased speech masking effect of the AM noise at higher modulation frequency is in terms of auditory temporal resolution. The limited temporal resolution of the auditory system makes the masker envelope variations less audible and less useful with regard to the collection of informative fragments of the speech signal as the modulation frequency is increased. Considering the curve shown in Fig. 6 
B. The effect of hearing impairment
The most striking effect of the hearing impairment found was the need for speech-to-noisc ratios on average 11 to 12 dB better than the normal-hearing group of the same age in order to reach the criterion performance used in the study, i.e., 30% of the speech test material correct in unmodulated masking noise. A partial explanation for this finding is that the higher frequency range of the speech signal was inaudible due to the subjects' high-frequency loss and insufficient hearing-aid gain at frequencies above 2 kHz. However, Articulation Index calculations can account for no more than 4 dB of this difference in S/N. Therefore, a likely contributing factor is impaired spectral resolution, another type of distortion strongly correlated with sensorineural hearing loss (Ludvigsen, 1985) .
The general effect of release of speech masking by amplitude modulation of the masking noise found among the elderly with hearing impairment was qualitatively very similar to the findings in the normal-hearing groups with the main difference being quantitative: The release of masking was much less for the hearing i•paired. A likely explanation for this finding is the impaired temporal resolution commonly found in subjects with sensorineurai h6aring loss (Fitzgibbons and Wightman, 1982; Nelson and Freyman, 1987 ). Bacon and Viemei,.
•ter (1985) noted a reduced sensitivity to detect amplitude modulation in broadband noise (i.e., the degree of modulation had to be larger than normal for detection), but the main influence of varying the modulation frequency w•a very similar in normal-hearing and hearing-impaired listeners. This finding also agrees with the present study. hnpaired temporal resolution in the subjects with hearing loss could hypothetically consist of several components, one being increased post-masking from the louder into the les.'; loud intervals of the masker and another related to a type of temporal integration, resulting in a reduced ability to retrieve important speech information during the short intervals of less loud masker, However, the present data provide no further insight into this.
In the group of elderly hearing-impaired subjects the pattern of unmasking did differ somewhat also qualitatively from that seen in the normal-hearing groups with regard to modulation type: Sinusoidal modulation of 4-12 dB gave rise to more release of speech masking than 4-100% for all four modulation frequencies tested (Figs. 8 and 9 and Table V). Figure 4 offers no evident explanation for this finding in terms of range of variation of instantaneous sound pressure level. We have no reasonable explanation to offer for this particular result.
C. The effect of age
In addition to the effect of heating impairment on the degree of unmasking provided by amplitude modulation as discussed above, our study also showed large differences in S/2q required by the subject groups to reach the criterion score of 30% correct in unmodulated noise (Fig. 10) . One unexpectedly large difference was that between the groups of young and of elderly normal-hearing subjects. As shown in Fig. 1 the average audiogram of the elderly group was essentially normal with mean hearing threshold levels of only 17 dB at 4 kHz and 24 dB at 8 kHz. Applying the Articulation Index to these average hearing threshold levels and the spectrum of the speech and the noise used in the study, the average hearing loss of the group accounted for less than 2 of the 6-dB group difference. '['he most reasonable explanation for the remaining difference of 4 dB is age-related differences in auditory signal processing between the two subject groups. Whether these depend on peripheral or central auditory pathways is not possible to infer from the present study.
The question of whether age as such has any effect on speech recognition through aging in central pathways or whether all differences found can be attributed to differences in peripheral auditory function has been discussed in several studies. Poulsen and Keidser ( 1991 ) found no age effect in speech recognition in noise when using monosyllabic test words with carrier phrase and a four alternative forced choice paradigm. Using sentence material in noise and a variety of cognitive tests, van Rooij and Plomp (1992) concluded that age-related changes in cognitive ability, related to speech recognition in noise are very unlikely; "age differences with respect to speech perception are most likely due to differences in audi five factors, notably differences in auditory sensitivity." However, Dubno et al. (1984) showed that the choice of speech material has a clear influence on age differences in speech perception. For bisyllabie test words and sentences with high predictability they found a difference in speech-to-noise ratio of 2 dB between a younger and an elderly group, whereas with low-predictability sentences the difference increased to 4 dB. Glasberg and Moore (1990) found a statistically significant correlation between speech recognition in noise and age when partialling out the average pure tone hearing loss, and concluded that "age emerges as a significant predictor of the ability to understand speech in noise. The speech test material used in the present study is of the low predictability category. The task of repeating the five word sentences is also sensitive to changes in shortterm memory functions. The conclusion from our study remains: Differences in auditory sensitivity explains only a part of the difference in speech-to-noise ratio found between young and elderly normal-hearing listeners. The remaining part of the difference is most likely due to aging effects which are not reflected by the pure tone audiogram.
D. Effect of wearing hearing aids
For the group mean results, no significant differences were found between aided and unaided conditions (Figs. 8  and 9 ). In a previous study, Arlinger et al. (1988) found that aided speech recognition thresholds in noise were superior to unaided for subjects using In-The-Canal hearing aids. The finding in the present study of a tendency toward the opposite result was not expected, and may be at least partially explained by the relatively poor average hearing aid gain at frequencies above 2 kHz (Fig. 3) . The articulation index predicted a slightly better unaided recognition of the speech at the elevated level than the aided recognition at normal speech level, just as was found in the experiment reported here.
IV. CONCLUSIONS
Speech recognition is generally better in amplitudemodulated masking noise than in unmodulated noise of equal rms sound pressure level. The unmasking due to amplitude modulation increases with increasing modulation depth. For sinusoidal modulation, modulation frequencies in the 10-to 20-Hz range provide the largest release of masking.
The influence of the modulation parameters on the release of speech masking was similar for young and elderly subjects with normal hearing. However, elderly subjects with impaired hearing showed significantly smaller release of speech masking as a consequence of amplitude modulating the masking noise. With irregular AM no unmasking at all was recorded. No significant differences were found when this group of listeners was tested with and without hearing aid.
For all types of maskers used (unmodulated as well as amplitude-modulated noise), there were effects of both age and auditory function on the speech-to-noise ratio required to reach a criterion speech recognition score.
